In radial turbines with variable nozzles, the flow downstream of the nozzles could be distorted by the leakage flow through the tip -clearance of the upstream nozzle vanes. To investigate the effects of flow distortion on the performance of turbine rotors, two rotors with different number of blades were tested for three types of distorted velocity distributions at the rotor inlet. In the case of the 20 blade rotor with moderate blade loading, the flow distortion at the rotor inlet had negligible effect on the rotor characteristics, and the measured data on the turbine performances agreed well with a prediction. Predictions were made with a conventional one-dimensional flow model applied to the rotor flow while a two-layer flow model was applied to the flow in the nozzle with clearance. In the case of the 10 blade rotor with heavy blade loading, however, the rotor performance was found to be sensitive to the inlet flow distortion and was considerably lower than the prediction. 
ABSTRACT
In radial turbines with variable nozzles, the flow downstream of the nozzles could be distorted by the leakage flow through the tip -clearance of the upstream nozzle vanes. To investigate the effects of flow distortion on the performance of turbine rotors, two rotors with different number of blades were tested for three types of distorted velocity distributions at the rotor inlet. In the case of the 20 blade rotor with moderate blade loading, the flow distortion at the rotor inlet had negligible effect on the rotor characteristics, and the measured data on the turbine performances agreed well with a prediction. Predictions were made with a conventional one-dimensional flow model applied to the rotor flow while a two-layer flow model was applied to the flow in the nozzle with clearance. In the case of the 10 blade rotor with heavy blade loading, however, the rotor performance was found to be sensitive to the inlet flow distortion and was considerably lower than the prediction. NOMENCLATURE b = span of nozzle vane c = clearance C o = spouting velocity m = meridional length along shroud or hub U = peripheral rotor speed V = absolute velocity [: = relative velocity Z = number of rotor blades a = absolute flow angle from the tangent 3 = relative flow angle from the tangent S = deviation angle t -torque coefficient = total-pressure-loss coefficient of nozzle = flow coefficient fi r = total -to-static rotor efficiency 17 = total-to-static stage efficiency Subscripts 1 = rotor inlet 2 = rotor exit b = rotor blade
INTRODUCTION
If a variable nozzle system is adopted for the turbine of a turbocharger (Satoh et al., 1983; Hirabayashi et al., 1986) or the turbine of a gas turbine engine, the part -load performance can be improved over a wide range of flow rates (Watson, 1980) . In cases where the nozzle vanes are pivoted, however, there are clearances between the casing and both edges of the nozzle vanes, and the performance of the turbine may be considerably deteriorated by the leakage flo•,, through nozzle clearances (Berenyi and Raffa, 1979; Penny, 1963; Benstein and Wood, 1963) .
In the preceding reports Senoo et al., 1987; Hyun et al., 1988) , the present authors made a series of experiments on nozzles with various values of tip-clearance at various nozzle angles. They observed a reduction in the blade loading near the vane tip due to the leakage flow through clearance. The reduction rate was correlated with a conventional contraction coefficient of the leakage flow. Furthermore, they have proposed a method to predict the nozzle performance using a simple theory based on a two-layer flow model, where the span of the nozzle passage including the clearance was divided into two layers. The experimental data were compared with the prediction. Good agreement was demonstrated for the mean exit-flow angle and the pressure loss of the nozzle.
In automobile turbocharger applications, the number of turbine rotor blades is often less than that proposed by a conventional design method to reduce the moment of inertia of the rotor. In the present experiment, two rotors with different number of blades were tested, to investigate the effects of the leakage flow through the nozzle tip-clearance on the performance of the rotors. The test results were compared with prediction, and it became clear that the distorted velocity distribution at the rotor inlet, due to the clearance of nozzle vanes, deteriorated the performance of rotor in the case of heavily loaded blades.
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Rotor exit U2 60 The experimental apparatus is shown in Fig. 1 . To secure axi -symmetry a scroll was avoided, and air was sucked from the atmosphere through 18 fixed preswirl guide vanes so that the nozzle -inlet swirl (38.2 deg from the tangent) was typical of that at the exit of a scroll in a conventional radial turbine. Air flowed through the adjustable nozzle into the rotor and was sucked out into a straight pipe with a standard orifice flow meter, being subsequently discharged to the atmosphere through a blower. The diameter of the test rotor was 210 mm, the exducer diameter was 148 mm, the inlet width was 18.6 mm and the height of exducer was 44 mm. The direction of blades was radial at the inlet of the rotor. The original number of blades of the rotor was 20. After a series of experiments it was reduced to 10, and a similar series of experiments were repeated. The specific speed was 31 (m, m 3 /min, rpm] or 0.587, which was in the rafrge of preferable design condition suggested by Rohlik (1968) . The predicted blade loadings at design condition are presented in Fig. 2 for the two rotors. The blade loadings were estimated using a quasi -three -dimensional method based on the potential theory, originally developed by Nakase (1971, 1972) for impellers of centrifugal compressors and modified for turbine rotors.
Nozzle vanes with a pivot mechanism have clearances usually on both edges of vanes.
In the present experiment, however, the turbine nozzle had clearance on only one end of the nozzle varies. Three types of nozzle settings were tested, without clearance N, with clearance on the hub side H, and clearance on the shroud side S. In cases of H and S, the annular plate ® was moved axially to make clearances so there were a recess along the shroud at the nozzles. The total pressure and flow angle distributions at the nozzle exit are presented in Fig. 3 . They were measured using a cobra probe after removing the rotor. The presented results represent the mass weighted average values over one pitch of the nozzle vanes. The nozzle angle, the clearance ratio, the mean rotor inlet flow angle and the nozzle loss coefficient are listed in Table 1 . Where the nozzle angle is defined by the throat opening o and the nozzle pitch t as sin 1 (o/t).
The nozzle angle was adjusted depending on the clearance ratio of nozzle so that the mass averaged mean flow angle at the rotor inlet was about 22 deg in all cases.
There was a nozzle stem in the hub -side clearance, and hence a larger clearance ratio was needed for the Htype nozzle compared to the S -type nozzle in order to materialize the identical mass averaged flow angle at the rotor inlet while keeping the nozzle angle identical. In those cases, the pressure loss coefficient was much larger for the S -type nozzle than for the H -type nozzle as indicated in Table 1 .
For a given flow rate, the swirl at the rotor inlet was evaluated using the measured moment acting on the turbine rotor and the rotor exit swirl, and was found to be identical in the two rotors. The variation in the mean flow angle was within ±0.5 deg. Therefore, it was assumed in the analysis that the flow characteristics of the nozzle were not influenced by the rotors. In the present experiments, the rotor speed was changed between 4,000 and 7,000 rpm in each of the three clearance types, N, H and S, keeping the mass flow rate constant at 0.335_0.005 kg/s. In addition to measuring conventional turbine performance characteristics, the wall static pressure was measured at 13 points along the shroud, and the velocity distributions were measured with a cobra probe at a section 60 mm downstream of the exducer trailing -edges.
RESULTS AND DISCUSSIONS
Stage efficiency and rotor efficiency
The measured stage efficiencies 'ls= r-/(OH5 ) are plotted against the turbine velocity ratio U 1 /C o in Fig.  4 for the three clearance types. Co denotes the spouting velocity defined as 2H s , w is the shaft angular speed, G is the mass flow, and H s is the isentropic total -to -static enthalpy drop across the turbine stage. The measured shaft torque F includes the bearing friction torque, which is approximately 3.5 percent of the shaft torque at peak efficiency. The relative uncertainty of stage efficiency was estimated at 1.3 percent. In all three clearance types, the efficiency was maximum at U 1 /C 0 H 0.7, where the inflow condition to the rotor blades was nearly shockless. The efficiency decreased with the nozzle clearance at all turbine velocity ratios. The efficiency drop was larger in the case of the shroud clearance compared to that of the hub clearance. The efficiency drop due to the tip clearance was magnified considerably when the number of blades of the rotor was 10. A similar effect regarding the number of rotor blades has been reported by Rodgers and Geiser(1987) . The nozzle loss, which was not identical for the three types of nozzle clearance (Table 1) , is included in the stage efficiency Os. To discuss the effect of the distorted velocity distribution due to different clearance types on the rotor performance, the total-tostatic rotor efficiencies l r = F(O/(GH r ) were evaluated excluding the nozzle loss and are presented in Fig. 5 . H r is the isentropic total-to-static enthalpy drop across the rotor.
The rotor performance was predicted using a conventional one-dimensional method (Wasserbauer and Glassman, 1975) . The predictions included four kinds of energy losses in the rotor; namely the shock loss (Rodgers, 1966) , the internal loss , the disk friction loss, and the discharge loss. Concerning the discharge loss, it was assumed that flow angle at the rotor exit was determined by the throat opening and the blade pitch at the root-mean-square diameter. The rotor internal loss was assumed to be proportional to the mean value of the kinetic energies based on the relative velocities at the inlet and the exit of the rotor. The proportionality constant was adjusted for the respective rotors and clearance types and were assumed not to change over the whole range of rotational speeds. The values of the rotor internal loss coefficient so determined are given in Table 2 . There was little variation in the rotor loss coefficients with clearance type for the rotor with 20 blades, but there were large changes for the rotor with 10 blades. The internal loss of the 10 blade rotor behind the H-type nozzle and that behind the S-type nozzle were 1.3 and 1.6 times that behind the N-type nozzle, which was much larger than the internal loss of the 20 blade rotor. The predicted stage and rotor efficiencies are also presented in Figs. 4 and 5. The agreement of the prediction with the experimental data is fair over the whole operating range. Although the rotor performance deterioration was largest for the S-type clearance, the loss coefficient of nozzle and the distortion were also largest for the S -type clearance in the present series of experiments as shown in Table 1 . Therefore, it should not be concluded that the shroud clearance has larger effects on the rotor performance than the hub clearance.
Takamura and Itch (1987) correlated the maximum efficiency of turbine rotors with the diffusion ratio. The latter is defined as the ratio of the maximum value of local velocity to the exit velocity along the shroud Suction surface of the rotor blade. They the proposed allowable range, but present results suggest that the limit should be reduced in the case of distorted velocity distribution at the rotor inlet. Rohlik (1968) proposed 15 as the minimum number of rotor blades. As a whole, the blade loading for the 10 blade rotor is believed to be too high to achieve a good performance when the nozzle varies have clearances.
Velocity distribution at rotor exit
The hub to tip distributions of the meridional velocity component V m2 and of the tangential component of the absolute velocity V u2 at the rotor exit are presented in Figs. 6 and 7 for two rotational speeds. U 1 denotes the peripheral rotor speed. The flow rate, estimated by integrating V m2 distribution, differed less than 5 percent from the orifice flow rate.
The value of Vm2 was much larger near the hub than it was near the tip and the profiles of V m2 distribution were almost similar to each other regardless of the number of rotor blades and nozzle clearance types. In the case of the 10 blade rotor only small changes in the velocity distributions at the rotor exit were measured, although the internal loss of the 10 blade rotor was increased by the nozzle clearance considerably.
The swirl at the rotor exit was somewhat stronger near the tip than near the hub. This trend was also observed in the literatures (Kofskey and Wasserbauer, 1969; Matsuo at al., 1987) , where the flow near the tip N1/C0 Fig. 9 Relationship between mean deviation angle and turbine velocity ratio seemed to be much underturned. The intensity of the swirl near the tip was magnified for the 10 blade rotor. This may be attributed to accumulation of boundary layer near the tip and to the secondary flow in the flow passage of the rotor, which were larger for Z=10 than those for Z=20. However, the discharge loss due to the swirl was relatively small.
The deviation angle, S, represents the difference between the relative flow angle, / 2 , at the rotor exit and the exit blade angle, b2• The exit blade anglê b2 is defined as sin 1 (o/t), where o and t are the throat opening and the blade pitch. The hub to tip distribution of the deviation angle b is plotted in Fig.  8 , where the uncertainty of S was increased by the variation in the absolute velocity. It is evident that the effect of the inlet flow distortion on the distribution of the deviation angle was negligible. Furthermore, the effect of the number of rotor blades on the distribution of the deviation angle was also negligible, although it was somewhat scattered for Z=10 than it was for Z=20. The value of S decreased from hub to tip almost monotonously and it was negative near the tip, i.e., the flow seemed to be overturned near the tip. This trend is not contradictory to the article discussed for V u2 distribution but it is contrary to the (Mizumachi et al., 1975) . Two reasons are conceivable. One is that the exducer of the test rotor is relatively lightly loaded and long. The other is that the swirl at the rotor exit was stronger and the axial velocity in the rotor was larger than what were measured at the downstream station, due to the wall friction, the mixing and the blockage effects of blades. Both of the stronger swirl and the larger absolute velocity at the rotor exit increased the relative flow angle (i 2 and the deviation angle S .
The mean deviation angle S is presented against the turbine velocity ratio in Fig. 9 , where 8 was evaluated using the mass flow rate, the mass averaged value of the moment of momentum of the exit flow, and the exit blade angle at the root-mean square (RMS) diameter of the exducer. The values of '3 b2 at the RMS diameter were 33.5 deg for the 20 blade rotor, and 38.7 deg for the 10 blade rotor respectively. The blade exit angle along the camber-line was 28 deg in both rotors. S was nearly zero and the data points were almost on a straight line with a slight negative gradient in the case of 20 blade rotor. The data for Z=10, on the other hand, were somewhat scattered although S was still nearly zero. Generally, the rotor inlet flow distortion was not found to significantly affect the flow at the rotor exit, although it strongly influenced the rotor internal loss. "
Acceleration along the shroud
The performance of a turbine rotor is deteriorated by deceleration of the relative velocity in the rotor. The pressure distribution along the shroud is obviously important in this respect, but it includes the pressure drop due to the centrifugal effect. The relative velocity was calculated using the measured wallpressure assuming isentropic flow. The relative velocity W calculated in this manner for the conditions N=6,000 rpm is plotted in Fig. 10 .
In the case of Z=20, the flow along the shroud was hardly changed by the flow distortion at the rotor inlet, and was smoothly accelerated except just near the inlet portion at m/m 2 <0.2. On the other hand, in the case of Z=10, the inlet flow distortion affected the Prediction of turbine performance and comparison with experimental data For the stage performance prediction, the turbine stage was divided into two parts; one was the nozzle including the vaneless space and the other was the rotor. The nozzle performance was analysed using the method proposed by the authors Hyun et al., 1988) , in which two layers of flow, one through the nozzle and the other through the effective clearance, mixed together at the nozzle exit to uniform Expt.
a conditions at the rotor inlet. The rotor performance, on the other hand, was analysed by the conventional one -dimensional method described previously. Another series of experiments using the 20 blade rotor were conducted, in which the shroud clearance of the nozzle was changed up to c/b=0.1 keeping the nozzle angle at 19.2 deg and a constant flow rate of 0.346 kg/s. The stage efficiency 71s, the torque coefficient t and the flow coefficient 0 are presented in Fig. 11 corresponding to the five values of clearance ratio. In all the predictions, the internal loss coefficient of the rotor was kept constant, which was decided at the best efficiency condition without clearance. It is evident that the prediction agreed fairly well even at off -design operating points for any nozzle clearance ratios except the case c/b=0.099. The efficiency was significantly decreased by increasing c/b, but its maximum was always observed at about U 1 /C 0 0.7 regardless of the clearance ratio.
The torque coefficient in Fig. 11 (b) was defined as T =( U 1 Vu 1 -U 2 V u2 )/2U 1 C o . The agreement of the prediction with the experimental data was fair. The tip clearance decreased the torque coefficient considerably and uniformly regardless of the rotor speed. As a result, the relative decrement of torque coefficient was more significant at a larger rotational speed.
Regarding Fig. 11 (c) , the tip clearance of nozzle vanes increased the flow coefficient 0
(=G /p71 0 1 2 C 0 ). Therefore, a large tip clearance changes the design flow rate of a turbine considerably. The predicted values were somewhat smaller than the experimental data at all conditions. A little modification of the assumed throat area in the prediction may be in order.
CONCLUSIONS
Two turbine rotors with 10 blades and 20 blades were tested for three kinds of inlet velocity distribution distorted by the nozzle -clearance. The effects of flow distortion on the rotor performance were investigated experimentally and theoretically. A conventional one -dimensional prediction method was applied for the rotor performance, and an analysis based on a two-layer flow model was applied for the nozzle with tip clearance. In the case of 20 blade rotor with a moderate blade loading, the predicted stage performance, such as the efficiency, the torque coefficient and the flow coefficient, agreed well with the experimental data, indicating the distortion of inlet flow hardly affected the rotor performance. In the case of the 10 blade rotor with a heavy blade loading, however, the nozzle clearance caused the rotor performance to deteriorate much more than the predictions. It appeared therefore that distortion of the velocity distribution at the rotor inlet had a significant influence on the performance of the 10 blade rotor. As a whole, the turbine performances can be predicted well even when tip clearance of nozzle vanes exists, provided that the blade loading of the rotor is moderate.
